The design of high current balance reactors used in the ITER DC testing platform is presented, which is verified by simulations with finite element method software, and the reactors are fabricated and tested according to the design output. These reactors are chosen as multilayer multi-turn structure and cooled by water. The multilayer multi-turn structure is usually selected by some high voltage reactors, but is seldom used in high current situations. The analysis and testing results indicate that the multilayer multi-turn structure is also feasible for high current reactors with many advantages, and is of considerable significance to similar applications.
R&D of High Current Balance Reactors

Introduction
The ITER DC testing platform is a multifunctional testing platform of DC electrical equipment with the main purpose of verifying the dynamic stability of equipment used in ITER poloidal field converter units. The balance reactors are important components of the ITER DC testing platform to suppress circulating current generated during commutations and filter the harmonic current [1−3] . According to the analysis and calculation of circulating current suppression and harmonic current filtration, the inductance of the balance reactors is determined as 50 µH(±5%) with rated values of 30 kA and 500 V. As for their cooling water system, the temperature rise of cooling water between outlet and inlet should be kept less than 15
• C when the input water temperature is below 30
• C and the water pressure drop between inlet and outlet should not exceed 0.1 MPa. In addition, the installation space should be limited to 1.7 m×1.5 m×1.5 m.
In order to hold the huge current, the sectional area of reactor coils must be large enough to keep the current density in proper range. One kind of high current reactor is made by welding large conductor segments together, but this kind of design is quite difficult to manufacture and to control the actual inductance. Moreover, it is expensive and needs much installation space [4] . A new reactor structure should be designed to solve those problems caused by welded structure.
Reactor design
Selection of basic parameters
Used as conductor material, aluminum alloy gains advantages over copper in many aspects. Since aluminum alloy 6101-T6 performs well in mechanical strength, electrical conductivity, corrosion resistance and weldability, it is chosen as the conductor material of the reactors in this case. The sectional dimensions of the parallel conductors are shown in Fig. 1 . 
Analysis and calculation of reactor coils
According to the installation space and manufacture convenience, the inside diameter of the reactor coils is determined as 650 mm. The turns and layers can be obtained from Eqs. (1), (2) and (3) [5−7] .
where ω: turns of reactors; d: average diameter of reactor coils; Φ: value determined by α = a/d, and a is the axial length of reactor coils, Φ can be obtained by:
∆L: corrected value in consideration of radial thickness r of reactor coils, which can be obtained by:
where γ = r/a, ρ = r/d. Several value pairs of turns and layers can be acquired with MATLAB, which all satisfy the inductance requirement of 50 µH(±5%). From these computation results, the most suitable value pair, that is N 1 =10, N t =8, is chosen as the layer number (N 1 ) and turn number (N t ) of the reactor coils. As a result, each of the reactors is composed of 10 coils in parallel, and each coil is 8 turns. Thus the outer diameter and inside diameter of reactor coils are respectively 1178 mm and 650 mm, and the height is 330 mm.
Calculation of cooling water system
According to the sectional dimensions acquired in section 2.1, the length and sectional area of the parallel coil can be obtained as 23.7 m and 7.87 cm 2 . The electric resistivity of aluminum alloy 6101-T6 at 20
• C is ρ = 3.02 × 10 −8 m·Ω [8] . So the resistance of the parallel coil is R = ρ · l S ≈ 911(µΩ), and the total resistance of the balance reactor is about R = 91.1 µΩ.
Based on the following assumptions, the power loss and required cooling water flow can be worked out approximately.
a. The ripple current is neglected, only DC current flows through the balance reactor;
b. The current distribution inside the balance reactor is uniform; c. Heat radiation from coil to air is neglected, all heat loss is transferred by cooling water.
Therefore, the total power loss of balance reactor at rated current is: P = I 2 R ≈ 82(kW). In order to keep the average temperature rise between water inlet and outlet less than 15
• C, the required cooling water flow is m ≥ P ∆T ·C =1.3 (kg/s), where ∆T is the specified temperature rise of cooling water, while C is specific heat capacity of water. When some engineering margin is considered, the required cooling water flow of the single balance reactor is designed as 6 ton/hr.
Based on the length of coil (L=23.7 m), the diameter of water passage (D=0.012 m) and the viscosity (µ=0.8 cP) of water at 30
• C, the Reynolds number can be worked out as R e =22145. The surface roughness of the passage inside the coil is about ε=1.5 µm, and thus the friction coefficient of water passage can be obtained as f i =0.028. Therefore, the pressure loss of water inside the coil is [9] :
where B is a constant, B=500 for metric system; ρ i is density of water, ρ i = 1000 kg/m 3 at 30 • C; m is water flow of single coil, m=0.167 kg/s; A i is sectional area of the hole, A i =1.3 cm 2 . As a result, the main parameters of balance reactor are shown in Table 1 . 
Design of structure
Two busbars are designed to connect the reactor coils with the main circuit. The contact surfaces of the busbars are large enough to keep the current density not more than 2 A/mm 2 . Two water tanks are welded with the parallel coils, working as the main inlet and outlet of the cooling water. All parallel coils are supported, fixed and cast into a whole by epoxy. The CAD model of the balance reactor before casting is shown in Fig. 2 . 
Finite element method (FEM) simulation
FEM is a numerical technique originated from the variation principle, which aims at finding an approximate solution to a complicated structure or/and complicated problem. Its general method is dividing the complicated structure or system into small elements and nodes that can be solved in relation to each other, and converting classical physical equations describing the complicated problem to algebraic equations or ordinary differential equations, and then obtaining the approximate solution. With the developments of numerical technique and computer hardware, FEM is used in more and more physical domains and engineering applications [10] . During the design of the balance reactor, FEM software ANSYS is used to verify the design outputs acquired in section 2.
Electromagnetic (EM) analysis
Since the ripple current is minor compared to the DC current carried by the balance reactor, it is neglected in the EM analysis. Therefore, the analysis is simplified to a magnetostatic field problem. Eq. (5) shows the relationship between magnetic field intensity, magnetic flux density and applied current density.
∇ × H=J S ,
where H is magnetic field intensity vector; J S is applied current density vector; B is magnetic flux density vector; µ 0 is permeability of vacuum.
In the simulation, a DC exciting current of 30 kA is applied to the parallel coils. A cylindrical solution region around the reactor is determined, whose diameter and height are 4 m and 2 m, respectively. The flux parallel boundary is set on the cylinder surface. Since the reactor coil has a spiral structure, the current inside the coils has a good distribution. The maximum current density in the coil is still less than 4.5 A/mm 2 , as shown in Fig. 3 .
The verification of inductance and magnetic flux density has been performed at the rated current. According to simulation results, the inductance is 48.5 µH, 3% less than the required value, and 4.3% less than the design value. The magnetic flux density is provided by Fig. 4 . Owing to the symmetry of the reactor with respect to its central axis, the distribution of EM force is almost equal all over the reactor coils, and so its dynamic stability is fairly good. 
Thermal analysis
Thermal analysis of the balance reactor and cooling water is a fluid-solid coupling problem. The behavior of cooling water inside the reactor can be described by governing equations, as shown in Eq. (6). According to Fourier law, the temperature distribution of parallel coils can be determined by Eq. (7) [11] .
where, ρ is density of fluid micelle; t is the time; V, u, v, w are velocity vector of fluid micelle and its components in x, y, z directions; p is pressure intensity; f , f x , f y , f z are volume force vector applied on a uni-tary mass of fluid micelle and its components in x, y, z directions; e is internal energy of a unitary mass of fluid micelle;q,q x ,q y ,q z are heat flux and its components in x, y, z directions; k is thermal conductivity of fluid; k is thermal conductivity of aluminum alloy; T is temperature. FEM method is usually used to solve fluid-solid coupling problems due to the difficulty of acquiring their analytic solutions. The physical boundary conditions of thermal simulation of balance reactor and cooling water are provided by Table 2 . Thermal conductivity of water 0.6 W/(m·K) Thermal conductivity of aluminum alloy 218 W/(m·K) [8] The temperature distribution of a single coil with cooling water is given by Fig. 5 . The maximum temperatures of coil and cooling water are both 44
• C. The maximum water temperature rise between inlet and outlet is 14
• C, while the average water temperature rise is 12.6
• C. 
Fluid analysis
The main purpose of fluid analysis is to solve the pressure distribution of cooling water. The governing equations of cooling water are given by Eq. (8) [11] . The physical boundary conditions are shown in Table 3 . 
where, ρ is density of fluid micelle; t is the time; V, u, v, w are velocity vector of fluid micelle and its components in x, y, z directions; p is pressure intensity; f, f x , f y , f z are volume force vector applied on a unitary mass of fluid micelle and its components in x, y, z directions; e is internal energy of a unitary mass of fluid micelle;q is heat flux.
As shown in Fig. 6 , the pressure drop of cooling water inside a single coil is about 0.057 MPa. Considering the pressure drop inside the water tanks, the total pressure drop of cooling water inside the balance reactor is not more than 0.06 MPa. Therefore, an input water pressure of 0.2 MPa is enough to meet the required pressure of the cooling water system for balance reactors. Furthermore, the simulation result indicates that water velocities at parallel coil inlets are balanced, and thus the cooling efficiencies among coils are almost equal. 
Fabrication and tests
The fabrication and tests of balance reactors have been accomplished. The measured inductance of the reactor is 49.6 µH, satisfying the design requirement. All the test results meet the design requirements and relevant standards. One thermal image captured during temperature rise test is shown in Fig. 7 . The temperature rise test is performed when the flow rate of cooling water is 6 ton/h. The average temperature rise between inlet and outlet is 10.4
• C. At present, the installation of balance reactors is underway, as shown in Fig. 8 . 
Conclusions
The main parameters of balance reactors are provided by Table 4 . Conclusions can be drawn from the analysis and testing results. a. Multilayer multi-turn structure is feasible for balance reactors of the ITER DC testing platform and other high current applications.
b. Since large size welding is avoided in the manufacture of balance reactors, the manufacturing cost of this structure is less than the structure made by welding large conductors together.
c. More parallel conductors and turns are chosen in these reactors, and so its inductance accuracy is better than welded structure.
d. This structure costs less and needs less installation space.
